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Today’s ﬁsh fauna of Wupper Reservoir is the result of natural development in combination with management.
Manageability of the ﬁsh stock, a prerequisite for continuing biomanipulation, was limited. Despite protection and
stocking, the abundance of the stocked predatory ﬁshes (pike, pikeperch) did never exceed 10% of the total ﬁsh
biomass since ﬁlling in 1988. Contrary to predictions, the ‘‘juvenile’’ cyclical perch population that became dominant
after ﬂooding, with the disappearance of gigantic perch in 1997, was not replaced by cyprinids (460% of total ﬁsh
biomass). Instead, a strong, non-cyclical piscivorous perch population, plus cyprinids (o40% of total ﬁsh biomass)
became established, giving rise to low planktivory and high water quality since 1999. There is compelling evidence that
the introduction of a self-reproducing pikeperch population was a key-factor in the successful management of this
slightly eutrophic reservoir. With the introduction of this new type of predator (pelagic, efﬁcient at low light
conditions) there are predators (pikeperch, perch, pike and eel) present in all habitats of the reservoir. Thus, anti-
predator behaviour of planktivorous perch and roach was enhanced, resulting in substantial habitat segregation.
Consequently, the perch were released from competition and became large enough for piscivory. Hence, predator
biomass was substantially enhanced, reaching at least 25% of the total ﬁsh biomass which was estimated to be in the
range of 90 kg ha1 in August 2003. Ultimately, a high level of piscivory driving the whole lake trophic cascade, and
thus a clear-water regime, which seems to be driven and stabilized by internal feed-backs, was established in Wupper
Reservoir.
r 2008 Elsevier GmbH. All rights reserved.
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Because natural lake formation processes occur over
geological epochs, it would take ﬁsh a long time to
colonize a new lake. In newly ﬂooded reservoirs,
however, ﬁsh are always immediately present, either
from the autochthonous ﬁsh fauna of the impoundede front matter r 2008 Elsevier GmbH. All rights reserved.
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ess: scha@wupperverband.de.river, or from stocking. In the ﬁrst years after the water
body is impounded, reservoirs often experience a
‘‘trophic upsurge’’ due to leaching of soil nutrients and
the decay of inundated vegetation (Straskraba et al.,
1993). Probably, the newly inundated vegetation not
only provides excellent spawning sites for ﬁsh but also
large densities of benthic invertebrates, and thus food
for ﬁsh, giving rise to initially high ﬁsh production.
Subsequently, an ageing process takes place as produc-
tivity declines and the ﬁsh fauna stabilizes.
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canyon-shaped reservoirs provide pronounced long-
itudinal environmental gradients. Structural complexity
in the littoral zone typically is low, favouring cyprinids
over perch (Persson and Greenberg, 1990). Indeed,
irrespective of the nature of the impounded stream and
its ﬁnal trophic state, in Central European reservoirs
the ﬁsh fauna matures to dominance by cyprinids
(Vostradovsky et al., 1989; Kubecka, 1993; Kahl,
2003). This implies a general increase in the number of
planktivorous ﬁsh and a simultaneous increase in the
proportion of smaller species (Bosmina spec, Daphnia
cucullata) in the zooplankton of the reservoir, which
are less-efﬁcient grazers compared to larger Daphnia
species, not able to signiﬁcantly increase water quality
(Vostradovsky et al., 1989; Gliwicz et al., 2000).
Therefore, the practical target of ﬁsheries management
in these reservoirs is to increase piscivore biomass in
order to reduce predation on the zooplankton, thus
allowing the development of larger daphnids, as
predicted from the size-efﬁciency hypothesis (Brooks
and Dodson, 1965).
Applying stocking with piscivores in combination
with restrictions to ﬁsheries as the only food-web
management tool is thought to have limited success
(Drenner and Hambright, 1999). The stocking of,
particularly, smaller piscivorous ﬁsh has often been less
successful (Grimm, 1982), e.g. in Czech Reservoirs (Seda
and Kubecka, 1997; Seda et al., 2000), not preventing
cyprinid dominance. Consequently, it seemed question-
able whether the introduction of small pikeperch in the
deep, slightly eutrophic Wupper Reservoir, Germany,
would result in the desired percid rather than cyprinid
dominance. Moreover, the almost complete lack of
submerged macrophyte cover (o1% surface area) in
Wupper Reservoir’s littoral areas should additionally
favour roach over perch (Persson and Greenberg, 1990).
Nevertheless, ﬁshery management has been successful
in Wupper Reservoir, since the development of the
predicted climax-state, with cyprinid dominance, was
prevented, (Scharf, 2007). Similarly, in the hypertrophic
Bautzen Reservoir a stable percid dominance in the ﬁsh
community was established by a combination of stock-
ing and catch restrictions (Benndorf et al., 1988;
Kasprzak et al., 2007). In order to illustrate the
underlying mechanisms, in this paper details are
presented concerning the Wupper Reservoir’s on-going
ﬁshery management, which addresses issues of the
development of its ﬁsh fauna since it was ﬁlled in
1988, and of its manageability. If repeated stocking
of smaller predators in combination with restrictions
on anglers is to be successful in enhancing stock
densities of piscivores, the anglers’ catches should track
stocking efforts in the long-term (Lathrop et al., 2002).
At the same time, due to increased piscivory and decreased
planktivory, larger daphnids are expected to appear(Brooks and Dodson, 1965) illustrating the successful
biomanipulation. The aim of the paper is to demonstrate
the development of the ﬁsh community inWupper reservoir
as resulting from the applied ﬁsheries management.Methods
Site description
Wupper Reservoir is situated in the central area of the
Rheinische Schiefergebirge near Cologne in Western
Germany and is used for controlling the ﬂood regime of
the River Wupper, and for public-recreation. Water
levels in the reservoir ﬂuctuate widely, reaching a
maximum in April and a minimum in October. The
reservoir lies at 250m above sea level. It is a deep (31m
max. depth), canyon-like, mostly dimictic, slightly
eutrophic, soft water reservoir. Macrophytes are nearly
absent from the inshore areas. At full capacity, the
reservoir has a surface area of 210 ha and a storage
capacity of 26miom3, a mean depth of 11m and a
retention time of 0.2 years. Wupper Reservoir does
receive treated sewage and storm water efﬂuents from its
relatively densely populated catchment area of 212 km2.
Management options
Prior to its ﬁrst ﬁlling in the winter of 1987/1988 the
basin was cleared of vegetation and top-soil layers. Since
its ﬁrst ﬁlling the reservoir has been managed both to
improve water quality and to support recreational
ﬁsheries. With the damming of the River Wupper
(1988) northern pike (Esox lucius), perch (Perca
fluviatilis), roach (Rutilus rutilus) and bream (Abramis
brama) entered the slightly eutrophic Wupper Reservoir
from its pre-reservoir which had already been built in
1980. Enhancing the piscivorous ﬁsh populations has
relied mainly upon regular annual stocking with north-
ern pike of 3–7 cm total length (TL) and pikeperch
(Sander lucioperca) of 12–15 cm TL (Fig. 1) in the years
1988–2003. There was no stocking in 2004 and 2005 and
only 20 ind. ha1 pikeperch of 12–15 cm TL per annum
since then (Fig. 1). Additionally, dead trees and woody
materials have been introduced in the littoral zone to
improve spawning habitat. However, density of wood
has remained low.
The number of anglers was restricted to approxi-
mately 220 and they were obliged to record the numbers,
length and weight of all ﬁsh caught. However, only half
of their notebooks returned at the end of the ﬁshing
season. Cyprinid ﬁshing was unlimited. Fishing
for predators was opened in 1992 and only artiﬁcial
baits are allowed. Restrictions placed upon the anglers
include minimum sizes of ﬁsh (northern pike 55 cm TL,
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Fig. 1. Numbers of pike (3–7 cm TL) and pikeperch (12–15 cm TL) stocked into Wupper Reservoir and numbers caught by anglers.
W. Scharf / Limnologica 38 (2008) 248–257250pikeperch 50 cm TL), bag sizes of 15 piscivorous ﬁsh per
angler and season, and a closed season for piscivores,
from 1 October to 31 May. At regular meetings,
representatives of the anglers are involved in manage-
ment decisions.Sampling
Fish stocks were mostly assessed using data from the
anglers’ catches, plus irregular, qualitative gillnet ﬁsh-
ing. As the number of anglers did not change
signiﬁcantly it is assumed that ﬁshing effort also
remained unchanged. Quantiﬁcation of catches was
related to a surface area of 180 ha. A ﬁrst qualitative
gillnetting with surface nets was conducted in the year of
impoundment (18 October 1988; 10 nets with mesh sizes
36–70mm). Thereafter, 5 nets (30–50m long, 1.5–2.0m
high with mesh sizes 22, 25, 35, 45 and 60mm) were setrandomly and perpendicular to the lake shore, anchored
ﬂoating 0.5m below the surface, during one night
between the end of July and September in the years
1992, 2002 and 2005.
In order to estimate ﬁsh density, ﬁshing in the littoral
zone and open water (depth strata 43m, 165 ha,
covering 95% of lake volume) was performed in
combination with hydro-acoustics in August 2003
(unpublished results, Werner and Schultz, 2004). Fish
sampling was based on stratiﬁed random sampling using
NORDIC multi-mesh gillnets (Appelberg et al., 2000).
Benthic ﬁsh were caught with multi-mesh gillnets
(5–55mm; 30m 1.5m; bottom set; 11 efforts,
0.8–4 h), pelagic ﬁsh with multi-mesh gillnets
(6.25–55mm; 27.5m 6m; free ﬂoating; 5 efforts;
1.5–6.5 h), extended by adding 70 and 90mm mesh
sizes, at different depth strata during the day. Estimates
of ﬁsh density and ﬁsh-target strength (TS) distributions
were based on horizontal and vertical soundings
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frequency (ES 120-7C), 0.1ms pulse duration) from
‘‘zig-zag’’ transects following the main channel (7.5 km
covering 90% of the water surface), during day and
night, taped and digitized with EP 500 post-processing
software. The TS values were classiﬁed into 3 dB classes
with minimum TS – 57 dB. The measured ﬁsh lengths
(TL) were transformed to acoustic estimates assuming a
TS-length dependence of TS ¼ 19.1 log (TS)63.85
(Love, 1971). Biomass was calculated using the formula
given by MacLennan and Simmonds (1992): Biomass
[g] ¼ 0.00874TL3.087 cm. Whole lake ﬁsh biomass for
each species was determined by comparing species, site
and depth distributions of all ﬁshes captured in the
multi-gillnets with corresponding depth strata from the
acoustic abundance estimates.
Additionally, electro-ﬁshing from the boat
(10:40–13:30 h; nine sampling stretches of each ca.
100m length, randomly distributed along the shoreline)
and beach-seining were undertaken in the littoral zone in
August 2003. Inshore YOY ﬁshes were collected during
the day by a beach seine (4mm mesh size, 15m long, 2m
high; six efforts, total 752m2). At night, ﬁsh in the open
water were sampled with a purse seine (6mm mesh size,
50m long, 6m high; eight efforts, total 1152m2). All ﬁsh
were identiﬁed, measured and weighed. Subsamples
were taken for age determination and stomach content
analyses.Results
Anglers’ catch records
Total catch rates of the most common, reproductive
cyprinids (roach, bream) and perch brieﬂy peaked in
1991, mostly due to small perch (Fig. 2). Subsequently,
total catch rates declined and were at their lowest in
1995/1996 as mean body weights of the caught perch
peaked in 1996 at 1130 g ind.1 (Fig. 2). In 1997, when
the mean annual body weight of caught perch declined
to 500 g ind.1, cyprinid catch rates, particularly roach,
started increasing.
When predator angling was ﬁrst allowed in 1992, pike
catch rates were at their highest that year (Fig. 1).
Irrespective of stocking efforts, pike catch rates declined
thereafter and reached a nearly constant, but distinctly
lower level after 1995. Conversely, at the same time
pikeperch catch rates increased, as did the mean body
weights of the pikeperch caught, reaching a nearly
constant level after 1995/1996 (Fig. 2). As with pike, the
catch rates of pikeperch did not reﬂect further stocking
efforts (Fig. 1).
The proportion of predators in the anglers’ catches
did not reﬂect their share in the standing stock (Table 1).Particularly, proportions of stocked predators (pike and
pikeperch) were distinctly higher in the catch rates than
in the standing stock as estimated in August 2003. But,
obviously, the anglers’ exploitation of the piscivorous
perch416 cm (Table 1) was sufﬁciently compensated by
recruitment.Gillnetting and hydro-acoustics
Results from the ﬁrst qualitative gillnetting with
surface nets in the year of impoundment (1988) revealed
a ﬁsh fauna consisting of roachbgrayling (Thymallus
thymallus)bbrown-trout (Salmo trutta)4pike4dace
(Leusciscus leuciscus)4eel (Anguilla anguilla)bperch4
bream. Thus, the potential ﬁsh fauna was cyprinid-
dominated, including large roach of up to 39 cm TL,
whereas perch were rare (Fig. 3). No rheophilic species
from the riverine fauna (grayling, brown-trout, dace)
were caught in the gillnettings conducted in 1992 and
thereafter. However, the overall 1992 catch was
dominated in numbers and biomass by perch aged from
3+(21 cm TL, 118 g ind.1) to 8+(40–43 cm TL,
1080–1350 g ind.1). All the pikeperch caught (not
included in Fig. 3) were aged 3+(800–1000 g ind.1),
whereas all roach (320–725 g ind.1) caught were aged
6+(28 cm) and older. Qualitative gillnettings conducted
after 2000 were dominated in both numbers and
biomass by cyprinids and perch.
As NORDIC multi-mesh gillnettings and echosound-
ing in August 2003 revealed, Wupper Reservoir’s adult
ﬁsh stock mainly consisted of perch 4roachbbream4
pikeperch4eel4ruffe (Gymnocephalus cernus)4pike4
common carp (Cyprinus carpio) and tench (Tinca tinca).
Perch416 cm TL, pikeperch and pike were the main
predators, whereas percho16 cm TL and roach were the
main planktivores (Table 1). Biomass of the ﬁsh stock
(percids, cyprinids) was estimated to be in the range of
90 and 75 kg ha1, respectively, for adults. The propor-
tion of piscivores reached at least 25% of total ﬁsh
biomass, mostly consisting of perch416 cm, aged 2+
and older with a biomass of 16.5 kg ha1. Pike-
perch412 cm TL (aged40+) density was in the range
of 5 kg ha1 (40 ind. ha1). Overall, YOY were domi-
nated by perch (52–103mm TL) with 12.5 kg ha1
(2,245 ind. ha1), followed by roach (58–88mm TL)
with 1.7 kg ha1 (375 ind. ha1) and pikeperch
(65–110mm TL) with 0.17 kg ha1 (30 ind. ha1).
During the daytime, offshore multi-mesh gillnettings
in the depth strata 0–6m mostly revealed perch aged
1+(12.0–14.5 cm TL) followed by roach410 cm TL
(Fig. 4). YOY ﬁshes were missing. Larger perch
(425 cm TL) were restricted to deeper depth strata
(46m). Conversely, benthic multi-mesh gillnettings in
the depth strata 0–3m were dominated by YOY perch.
At the same time, inshore beach-seining (Fig. 4) mostly
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Fig. 2. Numbers of pikeperch, perch and roach caught by anglers in Wupper Reservoir, since the reservoir was ﬁlled in 1988 and
their mean body weights. Please note that predator (pike, pikeperch) angling was opened in 1992.
W. Scharf / Limnologica 38 (2008) 248–257252revealed non-piscivorous 0+ ﬁsh, within which 0+
perch dominated in numbers with 58%, followed by
ruffe (26%) and 0+ roach (7%). During the night,
purse-seining (Fig. 4) revealed that 99% of the ﬁsh
biomass in the pelagic zone was attributable to cyprinids
(roach, bream). Thus, it can be concluded that YOYcyprinids migrated into the pelagic zone during night
time.
Younger perch (o16 cm TL), particularly aged 1+,
preyed heavily on Leptodora and daphnids while older
year classes aged 41+(416 cm TL), and pikeperch,
mainly preyed upon YOY perch. No benthic organisms
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Table 1. Angler’s catch rate in the year 2003 and the standing stock of ﬁsh in Wupper Reservoir as estimated from gillnettings and
echosounding in August 2003
Catch Stock Stock
(kg ha1) (%) (kg ha1) (%) (ind. ha1) (%)
Total 93.6 100.0 4025 100.0
Pisciovores 25.7 27.5
Total (without 0+) 17.4 100.0 79.4 100.0
Pisciovores 9.1 52.3 25.7 32.4
Pikea420 cm 2.9 16.7 0.5 0.5 1 0.02
Pikeperch 5.2 5.6 48 1.2
Pikeperch 0+(o12 cm) 0.2 30
Pikeperch440 cm 3.5 20.1 2.7 2.9 2.5 –
Perch 0+(o10 cm) 12.5 13.4 2.245 55.8
Perch 1+(o16 cm) 18.6 19.9 677 16.8
Perch 416 cm 2.7 15.5 16.5 17.6 90 2.2
Cyprinids 0+ 1.7 1.8 374 9.3
Cyprinids 1+ 7.0 7.5 296 7.4
Cyprinids 416 cm 8.3 47.7 28.1 30.0 292 7.3
(Ruffe) (0.8) – (148) –
Eela 3.5 3.7 6 –
aEstimated from electro ﬁshing.
Fig. 3. Proportions of ﬁsh biomass, caught during the
qualitative surface multi-mesh gillnettings in Wupper Reser-
voir, attributable to bream, roach and perch.
Fig. 4. Proportions of ﬁsh numbers from beach-seining
(Inshore, day), purse-seining (Offshore, night) and pelagic
multi-mesh gillnettings (Offshore, day) in Wupper Reservoir in
August 2003.
W. Scharf / Limnologica 38 (2008) 248–257 253occurred in the percid stomachs. Neither the growth of
roach (3+, length 19–23 cm TL) nor that of perch was
retarded (Fig. 5). As for the percids, age distributions of
roach decreased exponentially (Fig. 5) and, in contrastto earlier gillnettings in and before 1992, no roach older
than 5+ (length 425 cm TL) were caught.Discussion
Wupper Reservoir’s present ﬁsh fauna is the result of
both the natural development which takes place in
newly ﬂooded reservoirs (Straskraba et al., 1993), and
ﬁsheries management. After damming, the rheophilous
species from the riverine ﬁsh fauna disappeared and
cyprinids, perch and pike, particularly, entered the
reservoir from the pre-reservoir, rather than from the
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Fig. 5. Total length and density of age-classes of roach and
perch in Wupper Reservoir in August 2003.
W. Scharf / Limnologica 38 (2008) 248–257254impounded grayling-zone of the River Wupper. Thus,
an unmanaged ﬁsh fauna today in Wupper Reservoir
would be expected to be dominated by cyprinids (460%
biomass) with less than 10% of perch and less than
5% of the biomass attributable to other predators
(Vostradovsky et al., 1989; Kubecka, 1993). In contrast
to such predictions, today’s ﬁsh fauna of this slightly
eutrophic, deep stratifying reservoir is dominated
by a strong perch population plus cyprinids, as,
for example, in the hypertrophic Bautzen Reservoir
(Benndorf, 1995), rather than by cyprinids, as e.g. in
Rimov Reservoir (Seda and Kubecka, 1997). A share of
at least 25% piscivorous biomass in the total ﬁsh
biomass can be considered high, exerting intense top-
down control of the planktivorous cyprinids and perch.
Consequently, continual management of the ﬁsh fauna
has been successful, not only with respect to water
quality (Scharf, 2007, 2008), but has also improved
opportunities for recreational ﬁsheries based on a
large piscivorous perch population and the introduced
pikeperch.
As evidenced from anglers’ catch records, no ‘‘trophic
upsurge’’ occurred in the ﬁrst years of ﬂooding
(Straskraba et al., 1993) giving rise to peaks in total
catch rates and stock densities, as, for example, inRimov Reservoir (Seda and Kubecka, 1997). Never-
theless, despite the clearance of vegetation, and hence
reduction of potential spawning habitat, successful
recruitment of cyprinids and perch, particularly in the
ﬁrst years of ﬂooding, resulted in brieﬂy peaking catch
rates in the year 1991. Concomitantly, pike beneﬁted
from the expanding prey ﬁsh population and thus
catches were at their highest in 1992 when predator
angling started. Irrespective of stocking efforts, the
subsequent decline of the pike population, as suggested
by anglers’ decreasing catch rates, could not be
prevented. Thus, the initial esocid phase had ended, as
e.g. in Bautzen Reservoir (Benndorf et al., 1988) and in
Rimov Reservoir (Seda and Kubecka, 1997).
Since colonization probably occurred from the pre-
reservoir, the initial ﬁsh fauna of Wupper Reservoir
after damming in 1988 should have been dominated by
cyprinids, whereas perch should have failed to amount
to any signiﬁcant stock (Vostradovsky et al., 1989).
However, in contrast to these predictions, the 2nd stage
of natural development, with dominance of a cyclic
perch population, as predicted for impoundments built
on trout streams (Vostradovsky et al., 1989), did occur
in Wupper Reservoir, as in e.g. Rimov (Seda and
Kubecka, 1997) and Bautzen Reservoir (Benndorf et al.,
1988). A feature of the 2nd stage of such perch-
dominated ﬁsh stocks is the cyclic appearance of strong
and weak year classes (Vostradovsky et al., 1989;
Kubecka, 1993). This cycling results from cohort
dominance, arising from temporal shifts in intraspeciﬁc
size distributions in the perch population (Persson et al.,
2003). During this period, the perch population is
characterized by a bimodal size distribution, including
giant cannibals (Persson et al., 2003). Therefore, it is
reasonable to assume that the pronounced increase in
mean body weights of perch caught between 1990 and
1996 reﬂected the growth and predominance of one or
two particularly strong year class(es). In the year 1996,
the anglers predominately caught the perch size class
with a mean body weight of 1000–1200 g ind.1, which
were aged 8+ specimens. Hence, it is likely that the
giants caught in 1996 were the result of strong
recruitment success of perch in the ﬁrst years of ﬁlling
(1988–1990) when predators were rare. In the 2nd cyclic
perch phase (Seda and Kubecka, 1997) from 1988–1990
to 1996, the population was presumably dominated by
perch recruits and low abundance of gigantic cannibals
(Persson et al., 2003). This can be deduced from the
anglers’ perch catch rates, being at their lowest as mean
body weights of perch were at their highest. At the same
time, zooplankton resources are expected to have been
low and zooplanktivory high, mostly attributable to
predation from YOY perch (Vostradovsky et al., 1989;
Persson et al., 2003): Indeed, the smaller D. cucullata
dominated the zooplankton in Wupper Reservoir at that
time (Scharf, 2007, 2008).
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predation pressure on roach being alleviated, the
development of cyprinids was expected to proceed
(Vostradovsky et al., 1989), as occurred e.g. in Rimov
Reservoir (Seda and Kubecka, 1997). Indeed, roach
catch rates did increase after 1996. However, as
evidenced from gillnettings in 2003, in contrast to
predictions, no actual shift from percid to cyprinid
dominance had occurred in Wupper Reservoir. Thus, a
Type 4 transient ﬁsh fauna, with a strong piscivorous
perch population plus cyprinids (Kubecka, 1993), had
become established, as in the successfully (at least with
respect to ﬁsh and zooplankton) biomanipulated,
hypertrophic Bautzen Reservoir (Benndorf, 1987;
Benndorf, 1995). If the hypothesized bimodal size and
age distribution of the perch population during the 2nd
cyclic perch phase (see above) holds true, it is reasonable
to assume that concomitantly to these changes of the
ﬁsh stock, the age distribution of the perch population
switched to ‘‘normal’’, meaning an exponential decrease
in the densities of older age classes (Kubecka (1993),
evident from gillnettings carried out in August 2003 as
given in Fig. 5). This naturally driven change in the size
structure of the perch population, from dominance of a
few gigantic cannibals to intermediate-sized individuals,
should be the driving force giving rise to a switch in
zooplankton community structure (Persson et al., 2003).
Indeed, such a switch to the larger Daphnia galeata,
indicating a decrease in zooplanktivory, was observed in
Wupper Reservoir in 1999 (Scharf, 2007, 2008), even in
the face of increased roach catch rates. Thus, it can be
concluded that mainly YOY ﬁshes (mostly perch) were
responsible for the high zooplanktivory before 1999.
The shift in zooplankton community structure occurred
with a time delay of about 2–3 years since the giants had
already collapsed in 1997. Such a time delay in the
response of the predator-resistant zooplankton commu-
nity structure has also been reported by Koenings and
Kyle (1997) from experimental lake manipulations.
The die-off of gigantic perch seems to be particularly
critical and decisive for the further development of the
reservoir’s ﬁsh fauna, opening a window for the predicted
cyprinid dominance in reservoirs (Vostradovsky et al.,
1989). Presumably, due to the introduced pikeperch
population, piscivory remained high in open water
habitats and restricted the development of cyprinids,
not least due to changed habitat use (Braband and
Faafeng, 1994). At the same time, perch were released
from competition, thus enhancing the possibilities for
the successful growth of perch to piscivorous size
(Persson and Greenberg, 1990). It is reasonable to
assume that with the introduction of a new type of
predator, habitat segregation between different size
groups of ﬁshes was not only altered (Braband and
Faafeng, 1994) but also became more marked (Diehl
and Eklo¨v, 1995). Hence, as evidenced from the results(Fig. 4), larger cyprinids (410 cm) and perch40+ used
the pelagic zone whereas juvenile ﬁshes, at least during
daytime, were forced into the littoral zone (compare
Ho¨lker et al., 2007). Whether Wupper Reservoir’s ﬁsh
community in the littoral areas changed in the mid-
1990s from one dominated by YOY roach (495%) to
one dominated by perch (450%), as reported for Lake
Gjersjoen (Braband and Faafeng, 1994), remains spec-
ulative. Nevertheless, in August 2003 juvenile perch
were restricted to and dominated Wupper Reservoir’s
inshore habitats. The loss of the pelagic refuge for
juvenile ﬁshes not only decreased zooplanktivory in
open water habitats (Hu¨lsmann et al., 1999), as
suggested from the shift in daphnid community struc-
ture, but it also increased their vulnerability to littoral
predators. Due to the low structural complexity of
Wupper Reservoir’s inshore habitats juvenile roach
might be more strongly affected by littoral predators
than perch, which are able to use the ﬁne-grained
bottom-structure in combination with immobility as
defence from predators (Persson and Eklo¨v, 1995).
Owing to the relatively high availability of 0+ perch in
August 2003 cannibalism on these younger perch
increased strongly as it did in Großer Va¨tersee (Haertel
et al., 2002; Schulze et al., 2006) and in Bautzen
Reservoir (Do¨rner et al., 1999). Presumably, in August
2003, due to gape size limitation, 1+ perch no longer
fed on YOY ﬁshes, as in Bautzen Reservoir (Do¨rner
et al., 1999). At that time, 1-year-old perch preyed
heavily upon the carnivorous Leptodora releasing
daphnids from their predation in offshore habitats.
Overall, different habitat use by YOY and 1+ perch
may alter the interaction from being mainly competitive
to a more cannibal–victim interaction (Persson et al.,
2004). As the interaction between YOY perch and
1-year-old perch may have profound effects for the long-
term dynamics of this cannibalistic system, habitat
segregation might stabilize the intermediate-sized phase
without ‘‘giants’’ (Persson et al., 2004) maintaining a
low level of zooplanktivory. Indeed, cannibalism on 0+
percids, reinforced by pikeperch predation (Frankiewicz
et al., 1999; Schulze et al., 2006; Andersson et al., 2007)
might have enhanced individual growth of surviving
prey (perch) as a result of reduced intra-cohort
competition without cancelling out this positive
feed-back loop, as e.g. in Lake Grosser Va¨tersee
(Schulze et al., 2006). The increased cannibalism from
the strong piscivorous percid population did not result
in a decrease of adult perch abundances, as in natural
lakes (Schulze et al., 2006). Whether this is attributable
to the lack of submerged macrophyte refuges (Persson
and Eklo¨v, 1995) remains an unsolved question. Never-
theless, in spite of food competition between piscivorous
pikeperch and perch, it is suggested that the introduc-
tion of pikeperch might have released younger perch
from competition, leading to increased growth and thus
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1995).
Manageability of the ﬁsh stock is a prerequisite for
biomanipulation to be successful. Particularly, continual
management as practised in Wupper and Bautzen
Reservoirs is thought to have limited success (Drenner
and Hambright, 1999). Enhancing piscivory via artiﬁcial
addition of predators as suggested by Benndorf et al.
(1984) was considered to require a massive stocking
programme with adult ﬁsh predators (Lammens, 1999)
whereas stocking smaller specimens has often failed to
be successful (Grimm, 1982; Seda and Kubecka, 1997).
Indeed, in contrast to stocking larger trout in reservoirs
(Scharf, 2007), stocking efforts with smaller self-
reproducing pike and pikeperch specimens, as in
Wupper Reservoir, were not tracked by the anglers’
catches. Particularly, as seems likely from these results,
the predator stock directly attributable to the stocked
predators (pike, pikeperch) remained less than 10% of
the ﬁsh biomass and thus could not be enhanced
signiﬁcantly in the long-term by stocking with smaller
size classes (compare Grimm, 1982; Seda and Kubecka,
1997). Therefore, if biomanipulation is to be successful,
the growth of perch has to be improved (Berg et al.,
1997; Skov et al., 2002) in order to give rise to the build-
up of a strong piscivorous perch population, as e.g. in
Wupper and Bautzen Reservoirs (Do¨rner et al., 2001;
Do¨rner and Wagner, 2003). As in Lake Mendota
(Lathrop et al., 2002), anglers seriously affected the
predator stock (pike, pikeperch) in spite of the restric-
tions. Nevertheless, by removing only relatively large
specimens, the anglers’ impact on the predators’ size
distribution would be beneﬁcial for increasing piscivory
(Lammens, 1999).
In conclusion, successful biomanipulation was less the
result of increasing predator abundances directly from
stocking than a result of the introduction of a new
predator (pikeperch). With the build-up of a pikeperch
population, predators (pike, perch, pikeperch; eel) were
present in all habitats, giving rise to habitat shifts and
niche segregation becoming more substantial, and
releasing perch from competition. Consequently, growth
of perch increased signiﬁcantly (compare Berg et al.,
1997; Diehl and Eklo¨v, 1995) and a strong piscivorous
perch population built up, as e.g. in Bautzen Reservoir
(Benndorf et al., 1988, Do¨rner et al., 2001). If
biomanipulation had failed, perch also would have
failed to increase by any signiﬁcant amount and
cyprinids would have become dominant, as e.g. in
Rimov Reservoir (Seda and Kubecka, 1997). The good
growth of the perch in response to high piscivory, in
turn, contributes to the overall piscivory of the perch,
paving the way for high overall piscivory and a
sustained clear-water regime (Persson et al., 2003;
Scharf, 2007). High transparency might have further
favoured the establishment and maintenance of a strongpiscivorous perch population (Eklo¨v and Persson, 1996).
Thus, it seems that the switch from turbid to clear-water
regime of Wupper Reservoir (Scharf, 2008) is stabilized
by internal feed-backs similar to mechanisms maintain-
ing alternative stable states in shallow lakes (Scheffer,
2001). If this holds true, there might be no further need
for intense stocking efforts and the result of food-web
management should be a stable, clear-water regime even
in the long-term. Extensive monitoring of the whole
food web would be necessary to verify this hypothesis.References
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